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Abstract 
Lightweight phenolic resin-impregnated aramid paper honeycombs, commercially known as 
Nomex® honeycombs, are promising cores for sandwich structures in aerospace applications 
due to their high ratios of stiffness and strength to density. The out-of-plane compressive 
properties of the Nomex honeycombs have been widely investigated under quasi-static and low 
strain rates (up to 300 s-1). There is a need to understand the behaviour of this structure under 
higher strain rate compression. This will widen the applicability of these structures to more 
areas such as debris impact and other impacts which induce high strain rates. This paper reports 
the out-of-plane compressive responses of Nomex honeycombs subject to quasi-static loading 
and high strain rate dynamic loading up to 1500 s-1. The work involves experimental 
measurements and numerical modelling and validation. The compressive responses of the 
honeycombs were measured using a sensitive magnesium alloy Kolsky bar setup with front 
and back face impacts. The failure modes of the Nomex honeycombs were identified to be 
different under quasi-static and dynamic compressions. Under quasi-static compression, the 
honeycombs failed with local phenolic resin fracture after the elastic buckling of the 
honeycomb walls. For the dynamic compression, the honeycombs failed with the stubbing of 
cell walls at the ends of specimens. A finite element (FE) numerical model was devised and 
validated with the experimental data.  The FE model considered the strain rate effect of 
phenolic resin material. The model predictions were in good agreement with the experimental 
measurements and facilitated interpreting the out-of-plane compressive response of the Nomex 
honeycombs. It was shown that there was a linear compressive strength enhancement up to 30% 
from quasi-static to strain rate of 1500 s-1. The strength enhancement was governed by two 
mechanisms: the strain rate effect of the phenolic resin and inertial stabilization of the 
honeycomb unit cell walls, where 61%-74% of the enhancement was contributed by the inertial 
stabilization of the unit cell walls. In addition, it was shown that the impact method and initial 
imperfections had negligible effect on the compressive response of the Nomex honeycombs. 
Keywords: Nomex honeycombs, dynamic compression, finite element analysis, inertial 
stabilization, strain rate effect 
1. Introduction 
Sandwich panels have been demonstrated to possess better resistance than monolithic panels 
in dynamic impact events [1-7], and the performance of sandwich structures is strongly 
dependent on the properties of their cores. Phenolic resin-impregnated aramid paper 
honeycombs, commercially known as Nomex® honeycombs, are promising cores of stiffness-
dominated sandwich structure in aerospace applications due to their high ratio of stiffness and 
strength to density. The commercial Nomex honeycombs are composed of aramid paper layer 
[8] and phenolic resin coating [9-11] that both have excellent performance in terms of heat, 
flame and corrosion resistance. These honeycombs have weak in-plane strength but excellent 
out-of-plane strength under compression [12], which means the out-of-plane compressive 
behaviour of the honeycombs plays a dominate role in obtaining specific benefits. The out-of-
plane mechanical properties of the Nomex honeycombs, in the present study as well as 
investigated by [13-18], have been compared with those of the other materials in the Ashby 
material strength versus density map [19], see Fig. 1. In this figure, the solid line marked 
‘Analytical’ represents the maximum theoretical strength of the carbon fibre composite square 
honeycombs [20]. It indicates that the ratios of compressive strength to density of Nomex 
honeycombs are higher than many of the existing materials and structures as well as the carbon 
fibre composite square honeycombs [20, 21]. Marasco et al. [22] also reported that Nomex 
honeycombs had higher specific strength per unit mass than composite truss cores. 
The quasi-static out-of-plane compressive behaviours of Nomex honeycombs have been 
extensively investigated. As reported in the literature [13, 18, 23-26], the Nomex honeycombs 
behaved linear elastically before achieving their peak compressive strengths and failed with 
local fracture of the coated phenolic resin. Liu et al. [13] evaluated the effects of key material 
parameters on the compressive strength of Nomex honeycombs using finite element 
simulations. They reported that the thickness, elastic modulus as well as the compressive 
strength of the phenolic resin coating had positive effects on the compressive strength of the 
honeycombs. Moreover, the height of honeycomb specimen had negligible effect on the 
compressive response. Liu et al. [25] also demonstrated numerically that the debonding 
imperfections of adhesive in double cell walls affected the out-of-plane compressive response 
of the honeycombs significantly, and that the debonding occured when the strength of the 
adhesive decreased. Keshavanarayan and Thotakuri [26] reported that the off-axis angle 
decreased the out-of-plane compressive collapse strength as well as the crush stress due to the 
structural instability.  
Limited studies have been carried out on the dynamic out-of-plane compressive behaviours of 
Nomex honeycombs at low strain rates. Anagnostopoulos and Kim [16] experimentally 
investigated this behaviour using a Pendulum impactor system at strain rates up to 65 s-1. They 
found that the mechanical performance was not improved significantly with the increase of 
strain rate. Heimbs et al. [12] studied  the effect of loading rate on the out-of-plane compressive 
response of Nomex honeycombs with a drop weight tester. They reported that the compressive 
strength of the honeycombs had a 30% enhancement for the strain rates up to 300 s-1 over the 
quasi-static. 
Due to terrorist attacks, wars and other uncontrollable factors, there is a great need to model 
impact from fragments, ballistic, debris and others that induce high strain rates. Hence, there 
is an urgent need to understand the performance of Nomex honeycombs under such high strain 
rates. The dynamic compressive response of Nomex honeycombs under strain rates higher than 
300 s-1 has not yet been reported. Also, as neither Pendulum impactor nor drop weight with 
load cell will be able to detect the compressive response of low-strength honeycombs under 
high strain rate impact, the experimental methodology needs to be developed for measuring the 
compressive response of Nomex honeycombs under high strain rates. 
Although the studies on the strength enhancement mechanisms of similar types of honeycomb 
structures have been performed [27-32], there exists no related investigation on the Nomex 
honeycombs under dynamic compression. Harrigan et al. [27] experimentally investigated the 
compressive behaviour of the aluminium hexagonal honeycombs with an initial impact 
velocity up to 300 ms-1 using a Split Hopkinson Pressure Bar. They reported that the 
honeycombs failed with local instabilities and dynamic micro buckling of unit cell walls, and 
the inertial effect of the unit cell walls contributed to the enhancement of the collapse strength 
as well as the crushing stress. As proposed by Su et al. [28, 29], the parent material strain-rate 
effect and structural inertial effect played an equally important role on the dynamic 
enhancement behaviour of an energy-absorbing structure. Radford et al. [30], using 
experimental and numerical methods, identified that the dynamic compressive responses of 
stainless-steel square honeycombs were governed by three mechanisms: strain rate sensitivity 
of parent material, inertial stabilization of unit cell walls, and plastic wave propagation. Park 
et al. [31] investigated the compressive behaviour of carbon fibre-epoxy composite square 
honeycombs at strain rates up to 104 s-1. By using a Kolsky pressure bar setup, they found that 
the failure mode of the honeycombs was governed by plastic buckling, and the strain rate 
sensitivity of the composites was due to that of the matrix. Finite element simulation is an 
effective method to reproduce the compressive response and identify the enhancement 
mechanisms of Nomex honeycombs. Such simulations at high strain rates, however, have not 
yet been reported. 
The aim of the present study is to experimentally investigate the out-of-plane dynamic 
compressive behaviour at high strain rates (up to 1500 s-1) and develop a validated FE model 
of the Nomex honeycombs. In the remainder of this paper, the configuration of Nomex 
honeycomb specimen as well as the experimental protocols are described in Section 2, and the 
methodology for finite element simulation is developed in Section 3. The experimental 
measurements and finite element predictions are discussed in Section 4. 
2. Experimental protocols 
2.1. Nomex honeycomb specimen 
This study investigates the Nomex honeycomb specimen, with density and out-of-plane 
thickness of  =54 kgm-3 and H=10 mm, respectively. The manufacturing process of the 
honeycombs is described as follow: the Nomex aramid paper layers made from random aramid 
fibres are stacked on top of each other and adhered by strips of thermoset epoxy adhesive at 
intervals. The hexagonal unit cells are formed by expanding the honeycombs along the stacking 
direction of the paper layers. Finally, the expanded geometry is impregnated into phenolic resin 
until the specific density of the honeycombs achieved [33]. Figures 2 (a) and (b) show the 
three-dimensional geometry of the Nomex honeycombs and the in-plane structure of its 
hexagonal unit cell, respectively. The scanning electron microscopic (SEM) image of the wall 
joints between the unit cells is shown in Fig. 2 (c). Throughout this paper, the wall joints are 
defined as the wall intersections of three adjacent unit cells. In addition, the axes of x, y and z 
represent the directions of width 
WL , length LL  and out-of-plane thickness H of the 
honeycomb specimen, respectively. The cell walls of the Nomex honeycombs are three-layer 
structures, i.e. an aramid paper layer is sandwiched by two phenolic resin layers on each surface 
of the aramid paper layer. The thicknesses of the single aramid paper layer and phenolic resin 
layer are 
ft =70 μm and rt =12 μm, respectively, which are determined by the SEM image 
analysis. The characteristic cell size of the honeycombs is defined as 3CL l =4.8 mm, with 
l  as the edge length of the hexagonal unit cell, see Fig. 2 (b). The dimensionless relative density 
of the honeycombs can be defined as a function of cell wall thickness and edge length of the 
unit cell [34, 35] 
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where 0  is the density of the cell walls of the Nomex honeycombs. t  ( 2f rt t t  ) is the 
single-wall thickness of the unit cell geometry.  
2.2. Out-of-plane compression testing 
2.2.1. Quasi-static compression testing 
The quasi-static out-of-plane compression tests were conducted using an Instron® 5581 screw 
driven testing machine with a 50 KN load cell. Two Linear Variable Differential Transformers 
(LVDT) installed symmetrically were employed for measuring the transverse deformation   
of honeycomb specimen, and the transverse force F  of the honeycombs was determined by 
the load cell. To ensure the compression was quasi-static, the honeycomb specimens were 
compressed in z direction at a constant displacement rate of 0.5 mm/min. The Nomex 
honeycomb specimens of in-plane length LL 65 mm, width  WL   65 mm and 175 unit cells 
are used. The nominal compressive stress and strain of the honeycomb specimens were taken 
as /F A   and / H  , respectively, with 265 65 mmA    as the original cross-
sectional area of the honeycomb specimen. The average wall stress   of the honeycombs can 
be defined in terms of nominal compressive stress   and relative density  , i.e. /   . 
2.2.2. Dynamic compression testing 
The honeycomb specimens of in-plane length LL 18 mm, width  WL  18 mm and 14 unit 
cells were used for dynamic out-of-plane compression tests. The dynamic out-of-plane 
compressive characteristics of the Nomex honeycombs were investigated in a series of direct 
impact tests using a strain-gauged Kolsky bar setup [30, 32, 36, 37]. The transient forces on 
the distal end and impacted end of the honeycomb specimens were measured using back face 
and front face impact tests, respectively. For the back face impact, a specimen attached to the 
impact end of the Kolsky bar was impacted centrally by a striker that was fired from a gun 
barrel, see Fig. 3 (a). For the front face impact, a specimen was adhered to the impact end of a 
striker that was fired from the gun barrel and impacted on the Kolsky bar, see Fig. 3 (b). The 
sketch of the three-dimensional honeycomb specimen at the point of impact is shown in Fig. 3 
(c). In order to be able to measure the low compressive force of the Nomex honeycomb 
specimen and improve the response sensitivity of the measurement apparatus, the Kolsky bar 
made from magnesium alloy [38] (grade AZ61) with low elastic modulus of mE =45 GPa and 
yield strength of m =130 MPa was employed. The Kolsky bar had a length of 1 m and a 
diameter of mD =25.5 mm. The Kolsky bar was in alignment with the gas gun and supported 
by four knife-edge friction-reducing Nylatron bearings. The impact end of the Kolsky bar was 
positioned 110 mm from the muzzle of the gas gun, and the bar was resisted at the distal end 
by an ACE MA 4757M self-adjusting shock absorber. The stress history of the specimen was 
measured by two diametrically opposite 120 Ω TML foil strain gauges, which were placed 200 
mm from the impact end of the Kolsky bar, of gauge length 1 mm in a half-Wheatstone bridge.  
The stress history, recorded as a voltage change, was amplified by a Vishay 2310B signal 
conditioning amplifier system and then output onto an Instek DPO3014 100 MHz 4-channel 
Digital Oscilloscope.  
The strikers were made from M300 maraging steel (M-300) with elastic modulus of 
sE =210 
GPa and yield strength of 
s =1900 MPa, and had a diameter of sD =27.5 mm. To ensure that 
the magnesium alloy Kolsky bar is elastically deformed under direct impact of the strikers 
(without specimen being placed between the striker and the Kolsky bar), the maximum impact 
velocity of the steel strikers, maxsv  ,  can be calculated based on the elastic wave theory as 
follows: 
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are the density, elastic wave velocity and cross sectional area of the steel strikers, respectively. 
It is calculated that the steel strikers of impact velocity more than 20 ms-1 can lead to the yield 
of the magnesium alloy Kolsky bar when there is no specimen between the striker and the 
Kolsky bar. In the present study, the initial velocity of the steel striker is no more than 15 ms-1 
when impacting specimens. Two cylindrical strikers of different masses were employed in the 
impact tests in order to achieve the required striker velocities and provide constant velocity 
during the dynamic compression: a small striker of length 0.1 m and mass 0.463 kg was used 
for velocity range of 
1
09 15 msv
  , and a larger striker of length 0.5 m and mass 2.3 kg was 
used for velocity range of 
1
04.5 9 msv
  . The strikers were accelerated by a pressurised gas 
gun, in which strikers were propelled by compressed air. The gas gun had a barrel length of 3.5 
m, outer diameter of 40 mm and internal diameter of 28 mm. The initial velocity of the striker 
was measured at the open end of the gun barrel via two laser gates and confirmed with a 
Phantom Mercury HS v12.1 high-speed camera. Typically, the frame rate and exposure time 
were 40,000 fps and 20 μs, respectively. As analysed in Section 4.2.1, the force equilibrium in 
Nomex honeycomb specimen has been achieved during the time scale in the dynamic 
compression tests.  
3. Finite element simulation 
3.1. Finite element model 
Numerical simulations were conducted to simulate the quasi-static and dynamic compressive 
responses of the Nomex honeycombs using the explicit solver of the commercial finite element 
package ABAQUS® [39]. The primary aims of the numerical investigation are:  
 To develop an accurate three-dimensional finite element model to predict the 
compressive response of Nomex honeycomb structure under quasi-static and dynamic 
loading. 
 To facilitate interpreting the role of the strain rate effect and inertial effect on enhancing 
the dynamic compressive strength of Nomex honeycomb structure. 
 To understand the effects of the key parameters on the out-of-plane compressive 
response of the Nomex honeycombs. 
In order to capture the wall buckling and failure of the honeycomb specimen, the aramid paper 
layer and phenolic resin layer were modelled separately, as shown in Fig. 4. Both the aramid 
paper layer and phenolic resin layer were modelled with 8-node 3D linear solid elements 
(C3D8R in ABAQUS notation) with reduced integration. The interaction of the interfaces 
between the aramid fibre layer and the phenolic resin layers was modelled as tie in ABAQUS 
notation, i.e. there is no relative displacement between the aramid fibre layer and the phenolic 
resin layers. To achieve converged solution, a mesh sensitivity analysis was carried out which 
determined that the element size of the honeycombs needed to be less than 0.15 mm. The FE 
model of the honeycomb specimen was sandwiched by two rigid plates with 4-node discrete 
rigid elements (R3D4 in ABAQUS notation) in z direction. One of the rigid plates was fully 
constrained (all translational and rotational directions), and the other rigid plate was restricted 
to translate in z direction only.  
For the quasi-static compression simulation, the movable rigid plate imposed loading on the 
honeycomb specimen with a constant velocity. To ensure the simulation was quasi-static, the 
kinetic energy was controlled to be under 5% of the total energy in the system. For the dynamic 
compression simulation, the movable rigid plate was associated with a mass point and an initial 
impact velocity that were identical to those of the strikers employed in the impact tests. In the 
back face impact, the honeycombs were tied to the fixed rigid plate and crushed by the movable 
rigid plate. In the front face impact, the honeycombs were tied to the movable rigid plate and 
moved together with the plate to impact on the fixed rigid plate. A general contact option with 
a friction coefficient of 0.05 was employed in all finite element calculations to simulate the 
interaction. A total of 134,000 elements were meshed for aramid paper layers, and 213,000 
elements were meshed for phenolic resin layers.  
3.2. Constitutive models and material parameters 
3.2.1. Constitutive model for aramid paper layer 
The constitutive model for the aramid paper layer included elasticity and rate independent 
plasticity. The elastic response of aramid paper layer was modelled using linear elasticity 
model for an isotropic solid with density 
31075 kgm f , elastic modulus 2.36 GPafE   
and Poisson’s ratio 0.3f  . The J2 yield criterion in conjunction with isotropic hardening 
was used as the plasticity model of aramid paper layer.  
There is a significant shortage of experimental study on the compressive behaviour of the 
aramid paper layer. Available research mainly focuses on the tensile behaviour. In the present 
study, the compressive behaviour of the aramid paper layer is assumed to be identical to the 
tensile behaviour [13] . As the compressive strength of aramid fibre is normally lower than the 
ultimate tensile strength [40], the assumption may overestimate the compressive strength of 
the aramid paper layer. Figure 5 (a) shows the tensile responses of the aramid paper layer in 0° 
(paper roll direction), 90° (transverse direction) and 45°, respectively, reported by Roy et al. 
[23].  The tensile strengths of the aramid paper layer in the three directions were much lower 
than the compressive strength of the phenolic resin layers. Therefore, the mechanical properties 
of aramid paper layer have limited effect on the compressive response of Nomex honeycombs. 
The numerical simulation conducted in this study using the experimental data in 45° from Roy 
et al. [23] suggested this data gave the best fit for the experimental measurements of the Nomex 
honeycombs. Thus, the experimental data in 45° obtained by Roy et al. [23] was used as the 
input to the constitutive model to specify the yield stress-plastic strain relation of the aramid 
paper layer. Here, we assume that the aramid paper layer is strain rate independent. The effect 
of strain rate dependency of aramid paper layer on the dynamic compressive response of 
Nomex honeycombs will be discussed in Section 4.2.5. 
3.2.2. Constitutive model for phenolic resin 
The constitutive model for the phenolic resin layer included elasticity and rate dependent 
plasticity [31]. Similar to the aramid paper layer, the elastic response of phenolic resin layer 
was modelled using linear elasticity model for an isotropic solid with density of 
31100 kg mr
  , elastic modulus of 4 94 GParE .  and Poisson’s ratio of 0 3r .  . The J2 
yield criterion combined with isotropic hardening was employed to model the plasticity. The 
compressive behaviour of the phenolic resin can be modelled as elastic-perfectly plastic before 
failure [41], as shown in Fig. 5 (a). The experimental data reported by Kilchert [41] was used 
as the input to the constitutive model to define the yield stress-plastic strain relation of the 
phenolic resin. The following yield ratio rate-dependent model [42] was employed to capture 
the rate dependency of the phenolic resin material. 
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where & is the von Mises equivalent plastic strain rate ; k  is the ratio of yield stress; r 0  and 
rp  are the compressive yield stresses of phenolic resin layer under quasi-static compression 
and dynamic compression, respectively; C is the material constant that was obtained via 
calibration against dynamic testing of the Nomex honeycombs, and was determined to be 
49.33 10 sC   . Based on Eq. (3), the ratio of yield stress k  as a function of strain rate & at 
strain rates ranging from quasi-static value to 1500 s-1 is shown in Fig. 5 (b). 
4. Results and discussion 
4.1. Quasi-static compressive response of Nomex honeycombs 
The experimentally measured and FE predicted out-of-plane quasi-static compressive 
responses of the Nomex honeycomb specimen are shown in Fig. 6 for nominal stress-strain 
curve. The FE predictions show a good agreement with the experimental measurements. The 
specimen showed a linear elastic mechanical behaviour before achieving the peak compressive 
stress and had an abrupt softening after achieving the peak stress, then displayed hardening 
followed by the densification at a nominal compressive strain of 0 75.  . The compressive 
strength of the Nomex honeycomb specimen was measured to be 3 09 MPaS max .    at 
relative density 0 051.  , corresponding to the average peak wall stress 60 6 MPa.  . The 
compressive strength of the honeycomb sample was achieved at compressive strain 0 03.  . 
This is the strain that the compressive strength of the phenolic resin layer was achieved, see 
Fig. 5 (a). The compressive strength of phenolic resin was significantly higher than the strength 
of aramid paper layer. Hence, the compressive response of phenolic resin layer played a 
dominate role in the failure of the Nomex honeycombs under compression.  
The FE predicted contours of von Mises stress within the specimen at selected strain levels, 
both with and without showing the phenolic resin layer, are shown in Fig. 7. The selected strain 
levels can be related to Fig. 6 (Points A, B, C and D), which range from elastic behaviour to 
post peak compressive stress behaviour. The numerical simulation suggested that the Nomex 
honeycomb walls first elastically buckled before achieving the compressive strength, as shown 
in Fig. 7 (a) at strain level A. At strain level B, the fracture of the phenolic resin layer was 
observed to be initiated at the mid-height area of the specimen. The fractured area was shown 
via the SEM image in Fig. 8 (a). For clarity, the three dimensional view of a unit cell taken 
from the middle of the specimen is shown in Fig. 7 (b). It can be seen that the stress at the 
junctions of the cell webs is higher than that in the middle of the cell webs owing to higher 
structural stability. At the hardening stage (strain levels C and D), the aramid paper layers of 
the specimen folded at the location of the fractured phenolic resin layer. The SEM images of 
the top view of the honeycomb unit cell at the strain level D (Fig. 8 (b)) suggested that there 
was no significant damage at the junctions of unit cell webs. 
4.2. Dynamic compressive response of Nomex honeycombs 
4.2.1. Back face impact 
The dynamic compressive response of the honeycomb specimen under back face impact is 
discussed next. The experimentally measured and FE predicted nominal compressive stresses 
versus the normalised time 0v t/ H  at four selected impact velocities are shown in Fig. 9. Both 
experimental measurement and FE prediction confirmed that the strikers had constant velocity 
during the impact events. Hence, the compressive strain rates within the samples for the four 
selected impact velocities can be calculated as 150 s-1 (Fig. 9 (a)), 900 s-1 (Fig. 10 (b)), 1050 s-
1 (Fig. 9 (c)) and 1500 s-1 (Fig. 9 (d)).To ensure the accuracy of the measured compressive 
response of the honeycomb specimen, it is necessary to confirm the force equilibrium during 
the dynamic impact events. Using the elastic modulus and density of the aramid paper layer as 
well as the phenolic resin layer in section 3.2, we determined the longitudinal elastic wave 
speeds to be 
11482 ms
f
f
f
E
c =
ρ
  and 12119 ms-rr
r
E
c =
ρ
  for the aramid paper layer and 
phenolic resin layer, respectively. The measured compressive strength of the specimen was 
achieved at 76 μs t 111μs   after impact. Hence, there were about 13 elastic wave reflections 
took place in the aramid paper layer and 19 elastic wave reflections took place in the phenolic 
resin layer when the compressive strength of the honeycombs achieved. Hence, it is concluded 
that the axial force equilibrium of the specimen was established when measuring the 
compressive strength.  
As shown in Fig. 9, the dynamic compressive strengths under different strain rates are higher 
than that under quasi-static compression. Unlike the catastrophic failure under quasi-static 
compression, the dynamic compressive stress decreased smoothly after achieving the peak 
values. The compressive strengths of the honeycomb specimens obtained from the FE 
simulations agreed well with the experimental measurements. Due to the response time of the 
Kolsky bar setup [32], the normalised time 0v t/H  was different between experimental 
measurements and numerical simulations. 
The montages of high-speed photographic images as well as the FE predictions at strain rates 
of 450 s-1 and 1500 s-1 are shown in Figs. 10 and 11, respectively, for selected time instants A, 
B ,C, D ( see Fig. 9) .  
The walls of honeycomb specimen buckled before the peak compressive strength achieved in 
the impact events, as shown in Fig. 10 (a) and Fig. 11 (a). When the peak compressive strength 
achieved, the concentrated stress transferred to the ends of the honeycomb specimens, as shown 
in Fig. 10 (b) and Fig. 11 (b). Then the unit cell walls stubbed against the faces of the Kolsky 
bar as well as the strikers. The folded locations of honeycomb walls were close to the ends of 
the specimen. The FE predictions showed that the maximum stress increased with the increase 
of impact velocity due to the strain rate sensitivity of the phenolic resin layer. 
Figure 12 (a) shows the dependence of the dynamic peak wall stress D-max  under back face 
impact normalised by the measured quasi-static peak wall stress S-max  of honeycomb 
specimen upon the imposed strain rate &. The peak compressive strengths of the honeycomb 
specimens increased linearly by approximately 30% from quasi-static to strain rate of 1500 s-
1. According to the FE calculations under dynamic compression, the strength enhancement is 
achieved from the inertial stabilization of the honeycomb cell walls and the strain rate 
sensitivity of the phenolic resin layer. The FE model predicts the effects of these two 
enhancement mechanisms on the dynamic strength enhancement, as given in Fig. 12 (b). STP  
(%) and INP  (%) are the percentages of strain rate effect of phenolic resin layer and inertial 
effect of unit cell walls in enhancing the dynamic compressive strength of the honeycombs, 
respectively. They are defined as  
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where EN  is the enhanced compressive strength of Nomex honeycombs compared to the 
quasi-static compressive strength, defined as EN D max S max      , with S max   and D max   
as the quasi-static compressive strength and dynamic compressive strength of Nomex 
honeycombs, respectively; 
ST  and IN  are the enhanced compressive strengths caused by the 
strain rate effect of phenolic resin layer and inertial effect of the unit cell walls, respectively. 
The relationship between the two factors, 
STP  and INP , is ST INP P 100%  . The effect of the 
two factors on enhancing the dynamic compressive strength of Nomex honeycombs can be 
evaluated with and without considering the strain rate effect of phenolic resin in the FE 
calculations. It indicates that the inertial stabilization of cell walls, providing 61%-74% 
enhancement, plays a more significant role than the strain rate effect of phenolic resin material 
in enhancing the dynamic compressive strength of the Nomex honeycombs. 
4.2.2. Effect of the experimental method 
For the two impact configurations of back face and front face dynamic compressions, the 
plastic shock wave propagated oppositely within a honeycomb specimen. Hence, the dynamic 
compressive response of the honeycombs in back face impact configuration may be different 
from that in front face impact configuration. Figure 13 demonstrates that the compressive 
responses of the honeycombs with two impact methods are almost identical both at low impact 
velocity (Fig. 13 (a)) and high impact velocity (Fig. 13 (b)). The similar compressive responses 
under back face and front face compressions suggest that the specimens are in stress 
equilibrium over the deformation history. In addition, the finite element predictions conducted 
on the front face impact agreed well with the experimental measurements. 
4.2.3. Effect of strain rate sensitivity 
As discussed in Section 4.2.1, the strain rate sensitivity of the phenolic resin is one of the 
important factors in enhancing the compressive strength of the honeycomb specimen under 
dynamic compression. Figure 14 shows the comparison of the FE predicted dynamic 
compressive responses of the honeycomb specimens, with and without material rate 
dependency, under back face impact at strain rates of 450 s-1 and 1500 s-1. Though the phenolic 
resin has mild strain rate sensitivity, the peak compressive strengths of the honeycombs in rate 
dependent cases are just about 3% and 10% higher than those in rate independent cases at strain 
rates of 450 s-1 (Fig. 14 (a)) and 1500 s-1 (Fig. 14 (b)), respectively. This is due to the fact that 
the phenolic resin layer was thin and the aramid paper layer made from random aramid fibre 
[33, 41] was treated as a rate independent material. 
4.2.4. Effect of initial geometrical imperfections 
In order to investigate the effect of the initial geometrical imperfections on the compressive 
response of the Nomex honeycombs, quasi-static buckling eigenvalue analysis of honeycombs 
was conducted via FE predictions to obtain the eigenmode. As the aramid paper layers had 
voids among random fibres [41] and were far thicker than the phenolic resin layers, we assumed 
the initial imperfections were mainly from the aramid paper layers. The effect of the magnitude 
of the initial imperfections on the compressive response of Nomex honeycombs was 
investigated, and only the lowest eigenmode was considered in the FE calculations. The lowest 
eigenmode was employed to introduce perturbation to the mesh of the aramid paper layer, with 
maximum imperfection amplitude 10% and 20% of the single-layer thickness of the aramid 
paper layer. Figure 15 shows the FE predictions for quasi-static and dynamic compressions. It 
suggests that the initial imperfections slightly decrease the peak compressive strength of 
honeycomb specimen but have a limited effect on the compressive response. Hence, the FE 
predicted compressive responses of the Nomex honeycombs are insensitive to the initial 
imperfections of amplitudes in the range 10%-20%.  
4.2.5. Effect of strain rate independency of aramid paper layer 
As discussed in Section 4.1, the compressive strain for the compressive strength of Nomex 
honeycombs was identical to that for the compressive strength of the phenolic resin layer, 
whereas the aramid paper layer didn’t reach the peak strength of the material when the 
honeycombs failed. Hence, the failure of the aramid paper layer was governed by the failure of 
the phenolic resin layer. Moreover, the strength of the aramid paper layer used in the present 
FE prediction is significantly lower than the strength of the phenolic resin layer. Hence, the 
strain rate effect of the aramid paper layer on enhancing the compressive strength of Nomex 
honeycombs was weak. Warrior et al. [43] reported that the failure of random fibre reinforced 
composite was governed by the matrix failure under high strain rate compression. Park et al. 
[31] also reported that the strain rate dependency of the matrix contributed to the strain rate 
sensitivity of the carbon fibre composite square honeycombs. Thus the strain rate sensitivity of 
the phenolic resin layer played the dominate role in the strength enhancement contributed by 
the strain rate effect of material, and it was reasonable to assume that the aramid paper layer 
was strain rate independent. 
5. Conclusions 
The out-of-plane compressive responses of the Nomex honeycombs of density 54 kg.m-3 and 
out-of-plane thickness 10 mm at strain rates ranging from quasi-static value to 1500 s-1 have 
been investigated. A series of dynamic impact tests were conducted with a magnesium alloy 
Kolsky bar setup. Finite element (FE) simulations were validated and used for facilitating the 
interpretation of the experimental measurements. The aramid paper layer and phenolic resin 
layer were modelled separately with different constitutive models. 
Under quasi-static compression, the honeycomb specimen failed with catastrophic local 
fracture of phenolic resin layer after the elastic buckling of the honeycomb walls, which was 
followed by the aramid fibre layer folding at the location of the phenolic resin fracture. In 
addition, there was no significant damage at the wall joints as corroborated by the SEM image 
analysis. The compressive loading of the honeycombs before failure was principally carried by 
the coated phenolic resin layer. However, the aramid paper layer contributed to the high 
flexural rigidity of honeycomb walls that avoided the premature buckling of phenolic resin 
layer. 
In the dynamic compression events, the honeycombs failed with stubbing of the cell walls at 
the ends of the specimens. Over the range of the strain rates applied from quasi-static to 1500 
s-1, the peak compressive strength of the honeycombs increased linearly by approximately 30%. 
The FE simulations demonstrated that two mechanisms enhanced the out-of-plane dynamic 
compressive strength: strain rate effect of the phenolic resin material and inertial stabilization 
effect of the honeycomb walls. The inertial stabilization of unit cell walls, contributing 61%-
74% to the compressive strength enhancement of the Nomex honeycombs, played a more 
significant role. In addition, similar compressive responses of the honeycombs were obtained 
from two different impact tests, back face impact and front face impact. 
Validated finite element simulation captured the experimental measurements reasonably. It 
demonstrated that the dynamic impact method as well as initial geometrical imperfections were 
insensitive to the out-of-plane compressive response of the Nomex honeycombs. 
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Figure Caption 
Figure 1. A compressive strength versus density map for engineering materials [19], including 
the measured properties of Nomex honeycombs in the current study as well as investigated by 
[13-18] which were denoted by a solid hexagon and hollow hexagons. The solid line represents 
the maximum theoretical strength of composite square honeycombs [20], which falls into the 
high specific strength gap at low densities.  
Figure 2. (a) Three-dimensional sketch of the Nomex honeycombs and (b) the in-plane sketch 
of a unit cell. (c) The scanning electron microscopic (SEM) photograph at the wall joint. 
Figure 3. Sketch of the Magnesium alloy Kolsky bar setup in (a) back face and (b) front face 
impact tests, and (c) the three-dimensional sketch at the impact point. All dimensions are in 
mm. 
Figure 4. (a) Finite element (FE) model of the honeycomb unit cell and (b) the wall joint. 
Figure 5. (a) The stress-strain relations of aramid paper layer [24] and compressive properties 
of phenolic resin layer [41]. (b) The yield ratio rate-dependent model of phenolic resin layer. 
Figure 6. Experimental measured and FE predicted stress-strain relationships of the Nomex 
honeycombs of density 354 kg m    and out-of-plane thickness H=10 mm under quasi-
static compression.  
Figure 7. (a) Montage of the Nomex honeycombs under quasi-static compression obtained from 
experimental measurements and numerical simulations, and (b) three-dimensional view of the 
unit cell taken from the middle of the FE honeycomb model at strain level B. The strain levels 
A-D refer to the Points A-D in Fig. 6. 
Figure 8. Scanning electron microscopic (SEM) photographs of (a) the honeycomb wall at 
strain level B, and (b) top view of the honeycomb unit cell after quasi-static compression at 
strain level D, respectively. It is noted that the left image in (a) was taken by normal camera. 
The strain levels B and D refer to the Points B and D in Fig. 6, respectively. 
Figure 9. Nominal compressive stress as a function of normalised time 
0 /v t H  obtained from 
the back face impact tests at different strain rates of (a) 450 s-1, (b) 900 s-1, (c) 1050 s-1 and (d) 
1500 s-1, respectively.  
Figure 10. Montage of high speed photographs showing the deformation patterns of the Nomex 
honeycombs under back face impact at strain rate of 450 s-1 obtained from experiment and 
numerical simulations. The time instants A-D refer to the Points A-D in Fig. 9 (a). 
Figure 11. Montage of high speed photographs showing the deformation patterns of the Nomex 
honeycombs under back face impact strain rate of 1500 s-1 obtained from experiment and 
numerical simulations. The time instants A-D refer to the Points A-D in Fig. 9 (d). 
Figure 12. (a) The dynamic peak wall stress of the Nomex honeycombs under back face impact 
normalised by the experimentally measured quasi-static peak wall stress as a function of strain 
rate &, and (b) the contributions of two key factors, strain rate effect of phenolic resin and 
inertial stabilization of unit cell walls, to the compressive strength enhancement of the Nomex 
honeycombs under dynamic compression. 
Figure 13. Nominal compressive stress of the Nomex honeycombs as a function of 0 /v t H  at 
selected impact velocities obtained from back face and front face experimental measurements 
as well as FE simulations. 
Figure 14. FE study on the effect of strain rate sensitivity of the phenolic resin material at strain 
rates (a) 450 s-1 and (b) 1500 s-1. 
Figure 15. FE predictions of the Nomex honeycombs with initial imperfections under (a) quasi-
static compression and (b) back face impact at strain rate 1500 s-1. 
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